The performance of coatings on furan resin sand moulds [P-Toluol Sulphonic Acid (PTSA) as hardener] [FRS-PTSA], was compared to 'no sulphur' Novolak resin coated sand [NRS] moulds by analysing the graphite characteristics in the surface layer of Mg-treated irons (0.020-0.054%Mg) and over the entire section. The extent of an abnormal surface layer is influenced by the different Mg contents for compacted or nodular graphite irons, the sulphur content of the moulding system and the type of mould coating (containing sulphur or desulphurization materials). With lower Mg content, more graphite degeneration was apparent in the cast surface layer, especially at less than 0.03%Mgres [typical Mg content for vermicular/ compacted graphite cast irons] with increasing differences between FRS-PTSA and NRS moulds, and uncoated and coated moulds results. Un-coated FRS-PTSA moulds prompted five times more degenerate graphite in the surface layer than NRS moulds. Sulphur bearing coatings increased the layer up to five times the thickness in NRS moulds and up to 50% in FRS-PTSA moulds, especially for less than 0.030%Mg residual. Desulphurization type coatings based on MgO appear to be efficient for high Mgcontent iron (0.05%Mg, ductile iron) but not active enough for less than 0.03%Mg (compacted graphite iron type). The change in graphite characteristics in the centre of samples evolved in a clear relationship with degenerate graphite in the surface layer, for the experimental solidification conditions.
Introduction
Chemically bonded sand moulds (self-set, no-bake, cold box) are commonly used for producing a large size range of iron castings. Recently, it was estimated that more than 60% of USA foundries use no-bake (42%) and cold box (21%) processes. 1) Furan resin-acid and phenolic resin-acid nobake systems appear to be very popular in ductile iron foundries because the strong moulds contribute to fewer contraction defects during solidification (shrinkage and micro-shrinkage). In this case only the contraction of the cooling liquid iron needs to be compensated for, hence, fewer and smaller risers can be employed, or even riserless designs can be considered (>2.0 cm cooling modulus). 2) By using equipment specifically developed for simultaneous recording of cooling and contraction curves, mould rigidity was observed to have an obvious effect on ductile iron shrinkage tendency. [3] [4] [5] The highest levels of both concentrated and total shrinkage were recorded in green sand mould solidification, where a much higher level of the initial eutectic expansion, as compared to furan resin mould, was also recorded. In all cases the apparent density of ductile iron samples was higher in furan resin mould versus green sand mould. It was found that green sand moulds, being less rigid moulds, encourage the formation of contraction defects, not only because of high initial expansion values, but also because of a higher cooling rate during solidification and, consequently, increased undercooling below the metastable equilibrium temperature up to the end of solidification.
Graphite degeneration, in terms of losing its degree of compactness, in the surface layer of Mg-treated cast irons is a common defect, which can occur with any moulding technique, but each with characteristics affected by various factors. Although resin mould technology is suitable for ductile iron casting it frequently contributes to graphite degeneration in the surface of spheroidal graphite cast iron, forming a flake (lamellar) graphite seam.
With furan and phenolic resin-bonded moulding, P-Toluol Sulphonic Acid (PTSA) is usually used as the hardener, but it is an important source of sulphur in this system, affecting the formation of a degenerate graphite layer. [6] [7] [8] [9] [10] Not surprisingly, oxygen has an influence in resin mould technology, including systems with sulphur built in, especially if turbulent flow occurs, water-based no-bake binder, Mg-silica © 2012 ISIJ reaction or oxidation of reactive elements causing dross formation. The MgS-O reaction can occur resulting in a fresh release of sulphur, which is then able to react with and cause a loss of effective Mg. Nitrogen bearing resins have a profound effect on the occurrence and severity of surface pinholes, but have a limited influence on surface graphite degeneration. [11] [12] [13] Various coating materials have been tested to determine whether surface deterioration can be prevented by mould coating including conventional graphite-based coatings, inorganic materials expected to act as desulphurizers (Al2O3, CaCO3, Basic slag, CaF2, Talc), and sinterable materials expected to act as protective layers. By employing CaO or MgO desulphurization type coatings, to restrict the role of SO2, the surface layer effect has been significantly reduced. Dressing with a CaO/MgO/Talc composition is viewed as being particularly effective. Generally, mould coatings based on materials such as CaO and MgO, to develop a desulphurizing environment, are more effective than simpler protective coatings. 6, 9, [11] [12] [13] [14] The objective of the present paper is to evaluate the occurrence of a graphite degenerated layer at the surface of Mg-treated iron castings in a furan resin sand-PTSA moulding system as influenced by residual magnesium content and mould coating type.
Experimental Procedure
The base irons were produced in an acid lined coreless induction furnace (100 kg, 2 400 Hz, 100 kW). The melts were superheated to 1 550°C and maintained for 8 minutes and thereafter tapped into the pre-heated tundish magnesium treatment ladle [1 530°C ]. FeSiCaMgRE alloy [(wt.%): 46Si, 0.8Al, 1.2Ca, 6.05Mg, 0.96RE-rare earth, Fe-bal] was used, at three addition levels [1.0, 1.5 and 1.9 wt.%], to obtain different residual magnesium levels in the final iron. Treated irons were inoculated in all cases during transfer of Mg-treated iron to the pouring ladle [0.5 wt.% Ca,Ce,S,OFeSi alloy: (wt.%) 70-76Si, 0.75-1.25Ca, 0.75-1.25Al, 1.5-2.0Ce, less than 1.0 sulphur and oxygen, Fe-bal with 0.2-0.7 mm particle size]. 15) The composition of the final ductile iron ( Two types of coating were applied on the concave surface of these sample moulds (see Fig. 1(a) ). The coatings were prepared in the same conditions, with powder materials up to 0.01 mm grain size at the same quantities (0.25 g FeS2 or 0.25 g MgO), with the same binder (4.0 g Polystyrene and 10 ml Toluene) and applied onto the moulds surface in the same procedures (0.35-0.40 mm coating thickness). The coating incorporating FeS2 powder (49-52 wt.%S) as a supplementary source of sulphur at the metal-mould interface, was used to evaluate if this element migrates into the iron melt to cause graphite degeneration in the surface layer of Mg-treated cast irons. A second coating incorporated a MgO based material, which is anticipated to perform as a desulphurizer.
Results and Discussion
The semi-cylindrical samples ( Fig. 1(c) ) and cup samples were cut and prepared for metallographic analysis under standard conditions. The thickness of the surface layer of the semi-cylindrical samples was evaluated along the 30 mm total length (25 mm for cup samples), with 100 μm separating the analysed points, avoiding the end (corner) effects for both types of samples ( Fig. 1(d) ). The thickness of the surface layer was expressed as an average and a maximum level from a total of 300 and 250 measurements, respectively. The structure was analysed on 10 individual directions in the surface layer ( Fig. 1(e) ). A total area of 800 μm 2 was analyzed, including the surface layer, the transition zone and adjacent "good" area. The structure variation on the semicylindrical samples section was evaluated along 3 radii ( Fig. 1(f) ), up to the centre of samples, with 0.1 mm separating the analyzed points up to 2.0 mm distance from the surface, and thereafter 1.0 mm interval between analyzed points. The structure was also analysed in the centre of the semi-cylindrical sample ( Fig. 1(g) ) and centre of the cup sample, along 3 directions, each one including 5 analysis points with 2 mm between them; the averages of the structure parameters were considered.
The cast iron microstructures in the casting surface region are presented in Fig. 2 for FRS-PTSA moulds and in Fig. 3 for NRS moulds. The severity of the abnormal surface layer is influenced by the residual magnesium content (Mg-treated iron type), the moulding system (with and without sulphur content), and whether the coating increased the available sulphur, or removed it by desulphurization (Table 2, Fig. 4) . In uncoated mould samples, there is a big difference between solidification in FRS-PTSA moulds and NRS moulds as they affect the abnormal graphite types at the surface layer, including degenerate graphite, vermicular/ compacted and/or lamellar morphologies. In NRS moulds, the occurrence of degenerate graphite in the surface layer is less likely: samples showed a limited layer less than 100 μm average thickness, comparing to 185-532 μm in FRS-PTSA moulds and up to 215 μm maximum, compared to 370-880 μm in FRS-PTSA moulds.
FRS-PTSA moulds evidently promoted more degenerate graphite in the surface layer of the ductile iron test castings. The thickness of this layer increased more than five times compared to NRS moulds, depending on the residual magnesium content. At lower magnesium content, there was greater graphite degeneration in the cast surface layer, especially at less than 0.03%Mgres, typical of vermicular/compacted graphite cast irons (Fig. 4) .
The application of different mould coatings had a strong influence on the graphite morphology in the cast surface layer, prompting deterioration to lamellar graphite, or conversely minimizing the thickness of the surface layer by affording some protection. Incorporating sulphur in the coating material had an adverse effect on the degenerate graphite surface layer, in both moulding systems. Comparing the effects of an intentional sulphur content in the test mould coating, the average layer thickness increased up to five times in NRS moulds (no mould sulphur) and up to 50% in the FRS-PTSA moulds, which have sulphur in the binder system. The behaviour of this sulphur bearing coating was attributable to the newly introduced sulphur in the NRS moulds and to the sulphur supplementing that already in the binder system (PTSA), in the second case.
This suggests that even though sulphur migration occurs in both these examples the intentionally added sulphur diffuses more readily than the sulphur type in the FRS-PTSA binder. It is assumed that sulphur supplied by the sulphurbearing coating added to the sulphur available in the mould (PTSA contribution) and diffused into the outer layer of Mg-treated iron to react with Mg in the mould cavity. As a consequence of the localized, elevated sulphur levels, magnesium is partially consumed prior to solidification, and the nodulising potential of the treated iron decreases.
It is assumed that sulphur supplied by the S-bearing coating added to the sulphur available in the mould (PTSA contribution) and diffused into the outer layer of Mg-treated iron to react with Mg in the mould cavity. As a consequence of the localized, elevated sulphur levels, magnesium is partially consumed prior to solidification, and the nodulising potential of the treated iron decreases. Some micro-inclusions were detected in the surface layer of castings, typically resulted from Mg-S reactions (Fig. 5) Sulphur bearing coating contributed to the increased surface layer thickness for all residual magnesium contents, but with increased effect at lower Mg content. For both FRS-PTSA and NRS moulds, using the 0.054%Mgres treated iron as a reference, decreasing magnesium content led to an increase in layer thickness, double for 0.027%Mgres and three times for 0.020%Mgres, respectively.
The coatings based on desulphurizer type materials, such as MgO, provided some protection at the metal-mould interface against graphite degeneration, with a decrease in the average thickness of the layer compared to the reference (uncoated moulds). Practically, no graphite degeneration in NRS moulds and beneficial effects in the FRS-PTSA moulds, with residual magnesium content as a strong factor: 10-30% decrease for 0.020-0.027%Mgres and more than seven times decrease of the layer for 0.054%Mgres, respectively. It is assumed that this coating contributed to local desulphurization thereby reducing the negative effect of sulphur released by the mould.
The residual magnesium content, mould type and applied coatings also had an influence on graphite characteristics in the centre of the castings, in the test solidification conditions ( Table 3 Anodules is the area of particles classified as nodules; Aintermediates -area of particles classified as intermediates; Aall particles -area of all graphite particles; AG -area of the graphite particle in question; PG -perimeter of the graphite particle in question; AR -the maximum ratio of height (b) and width (a) of a rectangular boundary for the measured particle.
As expected, in the reference uncoated FRS-PTSA and NRS mould samples, at higher magnesium residual, graphite nodularity was high (Figs. 6(a) and 6(b) ). In the iron series with the highest residual magnesium (0.054%) the graphite nodularity was at 83% in the FRS-PTSA mould, and 10% lower in the cup-type sample, due to higher Mg loss at the open sample surface. Graphite nodularity decreased at lower magnesium content, but proportionately for the two mould media (NRS: FRS-PTSA): 57% vs 73% for 0.027%Mgres and 48% vs 55% for 0.020%Mgres, respectively.
The selection of thermal analysis cups to represent moulds with low sulphur content introduced a different pouring rate while filling the mould, followed by open top solidification. The filling rate determined by cooling curves parameters were 0.04 kg/s for semi-cylindrical samples and only 0.028 kg/s for Quik-cup samples (especially lower, to protect the included thermocouple). Open top solidification conditions favour the gaseous Mg loss, similarly to the open ladle bahaviour. For that reason the Mg loss at the exposed surface would be expected to be higher than in enclosed moulds representing the high sulphur moulding media, FRS-PTSA. The application and the type of coating appear to also influence graphite nodularity into the center of these castings, decreasing up to 10% with a sulphur bearing coating or increasing by up to 20% with a MgO type coating, more so at lower magnesium content, compared to uncoated moulds.
With increasing thickness of the surface layer, the graphite nodularity decreased in the casting centre. The two characteristics have a close relationship, as Fig. 7 shows. The data show that the assumed greater loss of Mg from the open surface in the NRS test coupled with a slower fill rate consistently gave lower nodularity than that found with the FRS-PTSA test.
Residual magnesium level, the mould type and coating conditions all affect other graphite phase characteristics in the central area of the test castings, such as shape factor (Figs. 6(c) and 6(d)) and aspect ratio (Figs. 6(e) and 6(f)). Higher nodularity and shape factor and lower aspect ratio of the graphite phase represent a preferred ductile iron structure. Higher magnesium content, higher shape factor and lower aspect ratio are at more favourable levels for FRS-PTSA type solidification, as is graphite nodularity. Similar effects of the applied coatings were found, with either negative results using a sulphur bearing coating or positive with an MgO-bearing coating. At lower magnesium residual in the cast irons, there was a greater difference between results for the FRS-PTSA and NRS moulds and uncoated and coated moulds, respectively.
The graphs in Fig. 8 show the variation of the graphite characteristics as compactness (nodularity, shape factor, aspect ratio) across the section of the semi-cylindrical samples (focused on 2 mm from the surface), solidified in FRS-PTSA moulds, depending on the final magnesium content in the iron samples.
The parameters describing graphite characteristics are related to the thickness of the degenerate graphite layer. Considering the distance from the surface, where the maximum level of each parameter was obtained, it typically occurred between 0.1-1.1 mm: 1.0-1.1 mm from the surface for 0.02-0.03%Mgres and only 0.2 mm for the 0.054%Mgres irons.
Considering the structure in the surface layer, there is a difference between low magnesium (0.02-0.03%) and high magnesium (0.054%) treated irons. In low magnesium irons, the surface layer includes two sub-layers. Increasing the residual magnesium led to a decrease in the first sub-layer thickness from 0.6 mm at 0.020%Mg, to 0.3 mm at 0.027%Mg with the sub-layer disappearing at 0.054%Mg. The minimum degree of compactness for the graphite shape i.e. the lowest nodularity and shape factor, and the highest aspect ratio, was found at the boundary of these two sublayers. Despite the graphite degeneration in the surface layer of these test castings to a lamellar morphology, the higher graphite compactness parameters at the metal to mould contact (the casting surface) were due to a higher cooling rate, because of the high heat transfer rate at the initial metal to mould contact.
Summary
• The relative performance of coatings for furan resin sand moulds [P-Toluol Sulphonic Acid (PTSA) as hardener] [FRS-PTSA], was compared to no sulphur, Novolak resin coated sand [NRS] moulds by analysing the degenerate graphite surface layer in Mg-treated iron with 0.020 to 0.054%Mgres in the test castings, and determining the graphite characteristics over the entire section.
• The extent of an abnormal surface layer is influenced by the different Mg contents for compacted or nodular graphite irons, the sulphur content of the moulding system and the type of mould coating (containing sulphur or desulphurization materials).
• Uncoated FRS-PTSA moulds with sulphur in the binder promoted degenerate graphite in the surface layer of the test castings, with the thickness of this layer increasing more than five times compared to NRS moulds (no mould sulphur), but also strongly dependent on residual magnesium content.
• Sulphur bearing coatings increased the surface layer thickness by up to five times in NRS moulds and by 50% in FRS-PTSA moulds. The layer was twice as thick at 0.027%Mgres and three times for 0.020%Mgres irons, compared to 0.054%Mgres treated iron, due to intentionally added sulphur in the NRS moulds and by augmenting the sulphur already present in the FRS-PTSA moulds.
• The coatings based on desulphurizer type materials, such as MgO, provided some protection at the metal to mould interface. No graphite degeneration was observed in the NRS moulds, with 10-30% decrease in the layer at 0.020-0.027%Mgres and more than sevenfold decrease in the layer at 0.054%Mgres in FRS-PTSA moulds. It is assumed that this coating behaved as a desulphurizer locally and countered the negative effect of sulphur released by the mould.
• With lower Mg content, more graphite degeneration was apparent in the cast surface layer, especially at less than 0.03%Mgres [typical Mg content for vermicular/compacted graphite cast irons] with increasing differences between FRS-PTSA and NRS moulds, and uncoated and coated moulds results.
• The application and the type of coating appear to have influence on the graphite nodularity even into the center of these castings. Nodularity decreased by up to 10% with a sulphur bearing coating and increased by up to 20% with a MgO-bearing coating, with more effect at lower Mg content, compared to uncoated mould conditions. • The graphite characteristics (nodularity, shape factor, aspect ratio) in the centre of the analyzed samples evolved in a clear relationship with the changes in the degenerate graphite surface layer, for the prevailing solidification conditions. • In low Mg irons, the surface layer contained two sublayers with different graphite characteristics. Increasing the Mg content led to a decrease in thickness of the first sub-layer from 0.6 mm at 0.020%Mg, to 0.3 mm at 0.027%Mg and total elimination at 0.054%Mg. The degree of graphite shape compactness was at a minimum (the lowest nodularity and shape factor, and the highest aspect ratio) at the boundary of these two sub-layers. The graphite compactness parameters were higher at the direct metal to mould contact as a result of the higher cooling rate in this area.
• Comparing the graphite morphologies in irons solidified against different mould coatings it appears that application of the coatings mainly controlled the chemical interactions between S/Mg rather than affecting heat transfer.
• A MgO-based coating appears to be efficient for high Mg content ductile iron at 0.05%Mg, but does not provide enough protection for low Mg compacted graphite irons with <0.03%Mg. An effective coating designed to protect these irons must go beyond the role of desulphurizing with supplementary Mg to preserve graphite nodularity. This dual activity is achieved with coatings containing active Mg, derived from (Mg)FeSi materials. [15] [16] [17] 
